Wind energy converters in operation are exposed to high stresses which result in large deformations of the rotor blades. In this paper, a method for determination of deformations of rotor blades is presented using multiple synchronous laser scanners and cameras. A special focus is brought into the twist of the blade and the according deflection. In a first step, multiple scanners in 1D mode are used which record cross sections at different positions along the rotor blades. By comparison with the CAD model, deformations can be derived. In order to ensure that the positions of the cross sections are defined in the coordinate system of the wind energy converter, the nacelle is pre-scanned and a transformation is performed using known coordinates from the manufacturer. To account for the relatively slow movement of the nacelle, it is observed by a photogrammetric camera. The results of the nacelle´s motion are considered in the analysis of the 1D data. First test recordings were carried out with different measurement frequencies to enable comparisons of accuracy. Furthermore, the first results of the cross-sections are presented.
INTRODUCTION
The objective of the project WindScan, managed by the Jade University of Oldenburg, is the detection of deformations of a moving rotor blade in 1:1 scale with several synchronously operated laser scanners. A very large wind energy converter (WEC) is observed during operation whereby the rotor blades are of particular interest.
Within the research project, cooperations with the following companies / institutions are established:
• Zoller+Fröhlich (Z+F) -manufacturer of laser scanners • REpower Systems SE -manufacturer of WEC • HafenCity University Hamburg (HCU) • Surveying office Dr. Hesse und Partner Ingenieure.
At least two scanners take cross sections in 1D mode which will be compared with a CAD model in order to derive dynamic deformations of the blades. For the transformation of the coordinate systems of the scanners into the system of the WEC, the nacelle has to be scanned in 3D-mode first. The movements of the tower and the nacelle are measured by photogrammetry.
BASICS AND STATE OF THE ART

Laserscanning
Most common applications of laser scanning are concerned with capturing of static objects. Different operating modes are possible, the principle is shown in Figure 1 . The sequential acquisition of individual points results from the rotation of the laser around the horizontal and vertical axis (3D). Alternatively, typical mobile mapping systems use the rotation of only one axis (2D) while the movement of the mobile platform of the scanner provides the third dimension. For allocation/referencing other sensors such as GPS, INS or cameras are necessary (ElSheimy, 2005 , Boeder, 2010 .
On the other hand, a moving object can be observed from a fixed position and with a fixed orientation (1D). For the allocation of the measured points the orientation and position of each measurement has to be acquired with additional sensors. In Wujanz et al. (2013) an investigation is presented dealing with the recording of a moving ship. The movements were registered by three target-tracking total stations for the geometrically correct registration of the point cloud. The ship itself was assumed to be stable. The synchronization of the total station and the scanner was done by synchronized watches. 
Wind energy converter
Within the research project WindScan, wind energy converters (WEC) are used as measuring objects. The rotor blades of the WEC are a key component for increasing their performance. Blades are constantly being optimized to save costs and improve efficiency (Zerbst 2010).
The measurement object is a six megawatt unit ("6M") of REpower System SE (REpower, 2013), designed for offshore use and installed on land in northern Germany. It has a hub height of 100m, a blade length of 61.5m, and the nacelle measures approximately 17m x 7m x 6m.
Changes of wind direction can be detected by sensors. When a certain value is exceeded, the nacelle is moved towards the direction of the wind. This may happen with irregular intervals and is highly depending on the current wind conditions. The ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume II-5/W2, 2013 ISPRS Workshop Laser Scanning 2013 , 11 -13 November 2013 data from other sensors such as alignment of nacelle and wind speed are of additional use for the laser scanning analysis. Also, the rotational speed and selected coordinates of significant points of the turbine are needed, as well as CAD models of the nacelle and of the rotor blades.
WEC are subject to particular stresses which can be critical due to their continuous change, especially caused by wind pressure, centrifugal forces and gravity. The top speed on the outer tip of the blade can reach up to 80m/s (revolution speed 7.7-12.1 U/min (REpower, 2013) ). These forces lead to bending of the blades of up to 10% of the blade length (Edzard, 2009) . The rigidity of the blade decreases to the outer tip of rotor blades. Close to the hub a cross section amounts to several meters, which reduces to the tip. In addition to bending a torsion occurs (rotation within a blade) which is in turn dependent on the bending.
The tower curvature must not be neglected and varies over time.
The effect can be sufficiently described as a shift of the nacelle in the horizontal plane.
More degrees of freedom are shown in Figure 2 . 
Previous survey of rotor blades
Until now the blades are tested in large laboratories for certification by static or cyclic testing. In this case the blade is, for example, set in forced oscillation for a long time and observed by photogrammetric means (Hau 2008 , IWES 2013 , Aicon 2013 . Bending tests also offer the possibility to measure the shapes of the blade and its changes.
For the ongoing operation only few research results are published. Schmidt Paulsen et al. (2009) attached reflective targets to rotor blades and tower, and observed them with two stereo systems. Another recent project concerning the capture of the aero-elastic deformation takes place at the Institute ForWind, a joint research center of the universities of Oldenburg, Hannover and Bremen (Winstroth & Seume, 2012) . Here, the blades are covered with a random pattern and observed with a stereo system. By matching procedures local deformations should be derived.
As a disadvantage of both projects the WEC has to be stopped for an extended period of time in order to glue the blades with a texture film and to remove them again later.
THE WINDSCAN PROJECT
The key objective of the WindScan project is the development of a method for measurement of bending and torsion of the blades without targeting of the system. The basic concept includes a combination of laser scanners and cameras which shall observe the WEC from the ground. The aim is to measure the blade in a horizontal position, whereby the position of the cross section related to the hub should be known better than 0.5m.
Laser scanner
For the determination of deformations, multiple Z+F Imager 5010 are operated in 1D mode, i.e. vertical and horizontal angles are fixed. Since the beam is pointed to a fixed direction, this mode is classified as laser class 3B and thereby dangerous (DIN 2008) . For the duration of the measurement a special firmware is installed on the scanner. Moreover, during a measurement a Z+F employee and a laser safety officer have to be present in order to avoid hazards.
For a measuring set a compromise between distance and angle of incidence has to be found. The shorter the distance, the more accurate the measurement and the smaller the spot size (about 30mm at 100m). The incident angle is also dependent on the current position of the rotor blades. Depending on wind strength they can entirely rotate around then longitudinal axis ("pitch"). A clearance of 50m and a hub height of 100m results in a measuring distance of 110m and an elevation angle of 63° (Figure 3 ). Thus the unambiguity interval of the scanner of 187m (Z + F 2013) is not exceeded even if the nacelle rotates. With rotating blades and a fixed laser beam, the distances form a cross section of one side of the blade. Paffenholz et al. (2008) and Gikas & Daskalakis (2009) have also recorded such cross sections with a laser scanner, which, however, were not further analyzed in their pilot projects.
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The deformations are derived from the cross sections taken at different positions on the blade (Figure 3) . By fitting the cross sections into a CAD model of the blade, the deformations can be calculated. Figure 4 shows the arrangements of the camera and laser scanners in front of the WEC during the measurement. In order to synchronize the scanners µ-blox GPS modules are used. The start time (UTC) of the measurement is written into the header of the file and every second a marker is registered. Synchronization is only necessary for the allocation of the cross sections to the same blade at the same cycle. Therefore a high precision is not necessary. The calculation of the time stamp for each measurement point is done with the software development kit of the manufacturer. As a prerequisite for a correct referencing of the measured values to the coordinate system of the WEC, a standstill of the nacelle during the 3D scans is required. In contrast, during the measurement of the profile the movements are registered by photogrammetric means and taken into account by the following calculations.
Camera
In order to separate deflections of the rotor blade from rotations of the nacelle, which both affect the measured distance, the nacelle is observed continuously with a camera (Nikon D2X). A hub height of 100m and a length of the nacelle of 17m lead to a focal length of about 130mm for the complete exploitation of the image format (a 200mm zoom lens is used).
The camera mode "interval record" is used which records an image every second, limited to 999 images. This represents a recording time of about 15 minutes.
In order to synchronize the camera with the scanned data also a GPS module is used. This module writes the UTC time into the header of each image.
The images are analyzed with the institute's program PISA (Photogrammetric Image Sequence Analysis (Bethmann et al. 2011)) . In this step a point tracking of prominent points is done by least-squares matching, thus the displacement and rotation of the nacelle can be calculated. The scale of the image is derived from known dimensions of the nacelle, supplied by the manufacturer of the WEC.
Process of measurements
The cross-sections of the WEC should be taken in horizontal blade position. However, each rotation of the nacelle changes position and height of the impact point on the rotor blade.
In advance, 3D scans are performed with all scanners in order to determine their orientation. In Figure 5 the point cloud of a 3D scan of the nacelle is shown. The stripes are hits on the rotor blades, resulting both from the movement of the blades and the scanner. Each stripe consists of several profiles taken at different positions. In Figure 6 the data is combined with the CAD model using the software Geomagic Qualify 2012. In these scans, the angles for the following 1D mode are picked. Then the nacelle is scanned again just to reduce the recording time, because no movement of the nacelle should occur during these reference scans. This can be checked with the recorded camera images. For the following calculation two points of the nacelle with known coordinates are required, as well as the measured vertical and horizontal angles and distances. Thus, the position and orientation of the scanner relative to the coordinate system of the hub are determined.
Afterwards the bearing of the 1D measuring beams will be fixed. The measurement time is approximately three minutes. Here, a cross section of the rotor blade is recorded, which is slightly inclined depending on the orientation. At the same time, the camera observes the nacelle and the operational data of the turbine is recorded. Figure 6 . Point cloud of 3D scans combined with a CAD model
Calculation procedure
The scan data are initially given in the coordinate system of the instrument. It is common practice to transform the data into a local stationary system (Niemeier & Wild, 1995) , equally for all scanner positions. In the current work, the motion of the object is a critical issue.
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The analysis is done separately for position and height. In order to obtain the results relating to the target coordinate system (the hub / the blade), the axes of rotation and some distinct points are necessary.
Calculation of position
In the first step, the position of each scanner is calculated in the hub coordinate system. The known coordinates of the nacelle and the 3D scans of the nacelle are utilized. With the measured values of at least two points simple triangle calculations can be carried out. Redundant measurements are used for control and later for increasing the accuracy by adjustment. Comparisons using the 3D scan data lead to discrepancies in the scanner positions of a few centimetres which meets our expectations.
As results, the positions of the scanner with respect to the hub at the time of the 3D reference measurement are given. Subsequently they will be related to the time stamps of the profile measurement using the results of the photogrammetric analysis of the PISA program.
The current positions of the survey stations, the horizontal angles, and the measured distances lead to coordinates of all profile points in the coordinate system of the hub.
3.4.2
Calculation of height The heights of the instruments during the 1D measurement and the heights of the profile points in relation to the rotational center of the hub result from the distances and the vertical angles. For this at least one of the points on the nacelle must be known.
Subsequently, the rotation of the blade is considered. As starting point we use the first measured point on each rotor blade on each cycle leading to the current angular position of the blade and the radial distance from the axis. The coordinates of the sequence of all following points are derived by means of the time intervals in order to convert the function of time into a function of position. The length of the arc and corresponding coordinate changes (vertically, to a minor extent also horizontally) are calculated with the known measurement rate of the scanner and the rotational speed of the blade. The rotational speed can be derived from the registered operational data, or from the data taken in 1D mode, in which the revs of the rotor blades are counted.
3.4.3
Accuracy and error propagation In order to estimate the achievable accuracy and to identify the critical parameters, the following cases are distinguished:
• A change in the nominal coordinates of the given points in the order of 2cm causes offsets of up to 8cm in the direction of the axis of rotation. In the radial direction, maximum change is about 2 to 3cm.
• Uncertainties of 0.02° in the horizontal directions lead to maximum displacements of 2cm (radial) or 0.1cm (axial direction).
• Deviations of the distances of 1cm add up to deviations of more than1 cm radially and up to 5cm in the axial direction.
• If the rotation rate (in seconds / revolution) is calculated incorrectly by 0.1s, one can expect a radial error of 0.3cm and 2.5cm in the vertical direction.
Thus the critical parameters are the target coordinates supplied by the manufacturer. The interpretability of the point clouds, in which the striking points are selected (e.g. the lower corners of the nacelle, see Figure 6 ), acts also as an error in the coordinates. The total error of all components does not exceed 20cm. Thus, the specified absolute position accuracy of the cross section related to the hub of 50cm can be obtained. It is important to note that the relative accuracy within one profile is much higher.
RESULTS
In the following first results are presented dealing with tests of acquisition rates and with first analysis of profiles, which already show the bending of the rotor blades. Also first photogrammetric results are briefly described. 
Investigation of the measurement frequency
The scanner is able to record data at a sampling frequency of up to 1 MHz. However, with a lower sampling rate, the distances can be detected more accurately, since the device has a longer integration time for disposal of a single measurement (Vennegeerts & Kutterer, 2007) . In this specific application, ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume II-5/W2, 2013 ISPRS Workshop Laser Scanning 2013 , 11 -13 November 2013 , Antalya, Turkey such a high number of points is not necessary to describe the shape of the rotor blade.
In order to test this in practice, cross-sections were recorded at different frequencies (1 MHz, 500 kHz, 250 kHz, 125 kHz, 62 kHz und 31 kHz).
In Figure 7 a cross section of a rotor blade is shown, recorded by 1 MHz (top left). Immediately apparent is the high number of points and the higher noise compared to 31 kHz measurements (top right).
In order to quantify the noise, the point cloud is approximated by a polynomial. Since polynomials of higher degree yielded no satisfactory adapting, the profile was divided into seven sections, each requiring its own polynomial. These polynomials, standard deviations, and maxima were calculated. At 31 kHz the standard deviation is less than 2mm and the maximum error is equal to 7mm. By comparison, at 1 MHz standard deviations increase to 9mm and the maximum error to 50mm.
For this reason, all the following measurements were carried out with a frequency of 31 kHz. 
Results of multiple profiles
For the determination of the bending and torsion at least two scanners are required. In our last measurement three scanners were operated simultaneously. In Figure 8 (top), the recorded data of three scans of one rotor blade in 60 seconds in 1D mode are shown. Data of the scanner, measuring a few meters away from the hub, are displayed in blue. In red the scanner is pointing to the middle and in green close to the outer tip of the rotor blade.
Since the difference of distance measurements does not exceed a certain limit, it can be concluded that at this time no nacelle rotation has occured. However, changes of distances in the green profiles are visible, indicating a variation of bending of the rotor blade.
Figure 8 (bottom) shows in detail only one rotor blade passing, measured by three scanners. At the outer tip of the blade (green) more than 300 points were recorded.
For the determination of the individual torsion, profiles are matched to a CAD model.
Results of the photogrammetric evaluation
By evaluating the photogrammetric data, significant shifts and rotations of the nacelle can be identified and determined. Figure  9 (top) shows the first and the last image of a sequence where the rotation is clearly visible. In green the measured points are marked. The rotation is illustrated in Figure 9 (bottom). Figure 9 . Rotation of the nacelle
CONCLUSIONS AND OUTLOOK
In the present work, a wind energy converter is analyzed during operation with multiple synchronous laser scanners. In order to quantify the deformations of the blades, cross sections are taken in 1D mode of the scanners. For orientation of the scanners into the hub coordinate system, 3D scans of the nacelle are carried out. The movement of the nacelle it is observed by photogrammetric means.
First major measurements have been completed recently. Detailed analyzes are still under progress. However, the data look very promising. In addition the calculation process will be further automated.
Next measurements are already planned and will be carried out simultaneously with the photogrammetric measurement of the ForWind institute. As a result, comparative data are expected that will be helpful in evaluating the results.
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